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REPORT DATE (DD-MM-YYYY)
2. REPORT TYPE 3. DATES COVERED (From -To) This review process is still ongoing.
The latest communication that we received was on April 28, 2005 which asks for clarification of a couple of minor issues and to make the language easy in the consent form such that a person with an 8 th standard education could understand.
In essence our work on humans has not started.
As the process of human subject research approval continues we have made some headway in optimizing our algorithms for deformation correction of the prostate as is required for Specific Aim 1.
As soon as the HSRRB approves the application, we will submit the modified protocol to the Internal Review Board of the University of Maryland, Baltimore for their approval upon whose approval we will commence the research on human subjects.
Improved Sensitivity and Specificity for Detection of Prostate PC031042 HSRRB Log No. A-12577
Introduction
The goal of this proposal is to diagnose prostate cancer more effectively using various magnetic resonance imaging techniques available with the ultimate goal of providing information with high specificity for either treatment planning purposes or patient management. To achieve this goal we would like to address the following two specific aims.
Specific Aim 1:
To estimate the efficacy of image morphing and fusion techniques required providing appropriate distortion corrections on prostate images obtained from an endorectal coil for a more accurate assessment of the correlation between MRI/MRSI and histopathology.
Specific Aim 2:
The development of a tumor index based on individual MRI/MRSI characteristics through correlation with step-section histology for a more accurate determination of the tumor extent and aggressiveness.
Body
Overall Status of the Project:
We have made some headway in tackling Specific Aim I of this project and the details are given below. We have not yet started any human research as we are still awaiting the approval from Surgeon General's Human Subjects Review Board (HSRRB). We originally obtained IRB approval from our own institution. The IRB was approved in May of 2004. Following its approval we submitted the application to HSRRB and it has gone through two revisions so far. We think the approval process is in its final stages and we are waiting to hear from them any day now. Once the approval comes through we will have to submit the HSRRB approved changes to our local IRB for their approval. In our view human subject research is at least three months away and will realistically start around the first of September. Meanwhile we have made significant headway in tackling Specific Aim 1. We have now built a realistic prostate phantom which mimics the prostates tissue properties both physically and biochemically. We have test our distortion correction algorithms on this phantom and also on some pre-existing MRI data of human prostate. Soon we will be collecting images of a resected intact prostate that is available in our pathology department and performing whole mount cuts at 2mm sections and digitizing the cuts. Our goal is to reconstruct the digitized image into a three-dimensional prostate and co-register with the MR images of the intact prostate. These samples will enable us fine tune our technique before we actually start recruiting patients into this study. This exercise will be take place in the month of June and we hope to complete it by midJuly.
Brief Overview MR spectroscopic information of the prostate is obtained by inserting an endorectal coil. The coils has an inflatable balloon that is typically inflated to about 100 cc in order to tightly couple with the prostate gland and avoid any involuntary motion of the gland during the imaging process. Such positioning of the coil allows one to obtain the maximum signal to noise achievable while imaging this gland. The insertion of coil physically distorts the prostate gland and MRI/MRSI is obtained with the prostate gland in this deformed state. However, when the prostate is removed during prostatectomy, the shape of the prostate is completely different from the position when MRI/MRSI was obtained (deformed state) and also when the endorectal coil was not inserted (normal state). For accurate correlation of histology with the MRI/MRSI it becomes essential that the resected prostate be registered to the prostate in its deformed state and also the normal state (when no coil was present). To accurately characterize the prostate from the imaging findings, it is necessary to obtain 3-dimensional data that encompasses the complete prostate in vivo and then register this image set with the three dimensional images obtained from the resected prostate prior to step-sectioning. Further, the thin sections from step-sectioning will need to be digitized and reconstructed as a whole prostate and registered to the in-vivo and ex-vivo images of the prostated. This will allow us to spatially correlate the imaging findings to that of the histopathology accurately. This is an exercise in morphing and registration, for which we have developed the tools and are in the process of validating. The tools that we have constructed in order to accomplish the goals include the construction of a 'realistic' prostate phantom and optimization of algorithms that perform elastic registration of deformed objects.
Appendix A shows the abstract that was accepted as a poster and published under the Proceedings of the Thirteenth International Society of Magnetic Resonance in Medicine conducted in Miami Beach. Appendix B shows the actual poster that was presented at this meeting.
Appendix C shows preliminary results obtained from a novel algorithm for elastic registration that uses strain minimization criteria both on simulated objects and on actual prostate images. As mentioned in our grant application we have already developed the deformation correction and registration algorithms that we will be using for the project. However, we continue to explore other algorithms that further optimize elastic registration of deformable objects. Appendix C shows one such approach that we have been working on lately.
Key Research Accomplishments
To date we have been able to do the following:
1. Build a prostate phantom for validating all registration and deformation correction algorithm. 2. Explore novels methods of elastic registration. 3. Implement all the tools necessary for the data analysis of the prostate imaging data.
Reportable Outcomes
We have not yet started our research work on humans. We anticipate this work to start about three months from the date of this report. Meanwhile we have presented our data on the prostate phantom at an international meeting and have been pursuing novel algorithms for elastic registration. We anticipate submitting works from both these projects to peer reviewed journals.
Conclusions
A major accomplishment for this project has been the development of the prostate phantom. The prostate phantom as designed serves as a useful training tool for physicians as they can practice prostate biopsy and ultrasound guided radioactive seed placement during brachytherapy. The p~hantom can be used for quality control of spectroscopic scans. It also serves as a useful model to test registration algorithms for deformable objects. More importantly the phantom can be used to normalize prostate imaging data from different sites and also to normalize data imaging data obtained from different MR vendor's machines.
At the time of writing this report we are still awaiting the approval from HSRRB which appears to be in its final stages. Following their approval we will be submitting an amended application to our institutional IRB to be able to conduct human research. We hope to start this work in about three month's time.
APPENDIX A a Multi-Purpose Prostate Phantom B. Zhang', R. P. Gullapallil 'Diagnostic Radiology Department, University of Maryland, Baltimore, Baltimore, MD, United States Introduction Endorectal coil MR imaging of the prostate has become a standard methodology for diagnosis of prostate cancer. MRI of the prostate using the endorectal coil along with spectroscopic imaging have shown to improve the sensitivity and specificity of cancer detection [Kurhanewicz 2000] . However techniques such as MRSI still pose a major challenge in the successful execution of the exam. Given the nature of the exam and the unavailability of a suitable test bed before using the technique on humans exacerbates the problem. Further any information obtained from MRI regarding the prostate is in its deformed state since the endorectal coil deforms the prostate. For proper treatment planning such as brachytherapy, it becomes essential that this deformation is corrected before the information is used for either TRUS biopsy or ultrasound guided brachytherapy. Several deformation correction algorithms [Mizowaki T, 2002] exist, but lack a suitable phantom to check for the accuracy of the correction provided by these algorithms. We have constructed a first proto-type of such a phantom mainly for MRI use although it could be used by other modalities and here we provide some preliminary results from this work.
Materials and Methods
In constructing the prostate phantom the T1 and T2 values of the prostate was given primary consideration followed by the Young's modulus of the prostate tissue from previously reported studies [Kemper J, 2004 , Hamhaber U, 2003 . The size of the prostate was an elliptical sphere of dimensions 52x41x35 mm 3 and was constructed using 0.5% agarose gels doped with 0. 1 mM Gd-DTPA. The biochemicals choline (10mM), creatine (30mM), citrate (100mM) and Lactate (35 mM) that are predominantly seen in prostate MRSI were also added. To mimic implanted seeds, we used sesame seeds that were randomly distributed within the prostate. Lard was used to mimic the periprostatic fat and formed the outer layer of the entire prostate. The phantom as shown in fig 1 allows for insertion of the endorectal coil or an ultrasound transducer through a 1.25 inch diameter hole and allows for the inflation of the balloon of the endorectal coil. The phantom was imaged on Philips Eclipse 1.5T system and spectra were obtained using a PRESS CSI sequence (TE/TR=130/1500ms) with frequency selective fat and water suppression.
Results
The TI for the prostate, fat, and background material were 589, 148 and 1880ms respectively. The T2 values were 73, 53, and 90ms respectively. The Young's modulus of the prostate was about 3kPa and these values are consistent with the values previously published. Figure 2 shows spectra from the prostate phantom using the endorectal probe. The spectra are from a voxel size of 0.25 cc and show an even distribution of the metabolites (Cho 3.03ppm, Cr 3.93 & 3.22ppn, Cit 2.58pm) with some lipid contamination in the bottom row.
Conclusion:
A test-bed for the validation of prostate imaging and spectroscopic acquisition techniques is highly desirable. Such a test-bed can also be used for training purposes by either radiologists or radiation oncologists. The phantom is amenable to imaging by multiple modalities including ultrasound. It allows for testing deformation algorithms and also allows clinicians to practice image guided biopsy or brachytherapy procedures. While we have successfully tested this first prototype, additional work is necessary to further improve the stability of the phantom which would also include other anatomical structures. Figure 3 shows MRSI information phantom allows one to optimize pulse sequences, practice MRI and from the prostate phantom taken six MRSI imaging techniques, practice either ultrasound or MRI guided months apart. The spectra are well prostate biopsy and can be used as a training tool for the placement of resolved at both the time points and radioactive seeds.
MULTI-PURPOSE PROSTATE PHANTOM
show distinct peaks of choline, [Kemper 2004; Hamhaber 2003 ]. The prostate was constructed in an Figure 4 shows the color map of the ellipsoid shape of dimensions 50x40x30 mm3 using 0.5% agarose gels choline+creatine to citrate ratio depicting 0.5% agarose gels doped with 0.1mM Gd-DTPA. Appropriate a very uniform distribution of the concentrations of biochemicals choline (10mM), creatine (30rmM), abies istseen. citrate (100mM) and lactate (35 mM) that are predominantly seen in Figure 5 demonstrates the utility of the prostate MRSI were mixed with the agarose gel [Scheenen 2004] . To phantom using other imaging modalities. mimic implanted seeds, we used sesame seeds that were randomly
Here we demonstrate the images from the distributed within the prostate. Lard was used to mimic the phantom using an ultrasound probe. The periprostatic fat and formed the outer layer of the entire prostate, prostate phantom along with the Rubber tubing was used to mimic the urethra and the seminal vesicles. prostat e phanto aln whe Fig. 4 : The color map of Plastic strips were positioned above the prostate to mimic the pubic visible in the phantome the ratio Cho+Cr/Ci. arch. The phantom as shown in Fig. 1 allows for insertion of the endorectal coil or an ultrasound transducer through a rectangular tunnel and allows for the inflation of the balloon of the endorectal coil. There is a thin layer of deformable rubber between the tunnel and the prostate above. The rubber allows for the deformation to the prostate phantom and permits needle insertion for biopsy. 
DI.SCUL•,IONS' AND CONCLUSIONS
We have developed a phantom that serves multiple uses. The phantom
Coil ins i Wnl
'ndor'al codif A closely mimics the biochemical and the relaxation properties of the technologists training and for quality control purposes especially for The detailed structure of the prostate phantom is shown in Fig. 2 . multi-center clinical trials. The phantom allows for the physician and technologist training so they may optimally image the patient rather than practice on the patient. Further it allows the physicians to train for fine needle biopsy or for placement of radioactive seeds under image guidance, using any of the imaging modalities. Added benefits of the phantom include testing of novel pulse sequence especially in the area of MRS, and for testing the quantitative efficacy of spectroscopic processing algorithms. Further, because the phantom can be imaged using various imaging modalities and with different size probes, it Fig. 2 : MR prostate images in coronal (left), sagittal (middle) and allows one to test registration algorithms across modalities and even transverse (right) planes. The arrows in the middle image point out I) prostate deformation correction algorithms within the same modality. prostate, II) pubis, IlI) fat, IV) urethra, /) seeds, and VI) seminal vesicle.
While we have shown that the present version of the phantom is quite stable over a six month period, further work is underway to improve the I.[yl a-qi 1) g stability of the phantom and various materials are being investigated to The phantom was imaged on both Philips Eclipse 1.5T and Siemens 1.5T enable one to store the phantom at room temperature. Avanto system and spectra were obtained using a PRESS CSI sequence R!FLR EN (TEITR=130/1500ms) with frequency selective fat and water suppression. T1 information on the phantom was obtained using inversion recovery sequences at various inversion times. T2 information on the phantom 
INTRODUCTION
Endorectal coil procedure has become a standard procedure in prostate imaging. However, this procedure experiences dramatic prostate deformation because of the inflation of the coil balloon. Image registration is thus needed in prostate surgery to guide the treatment plan following deformation correction.
Image registration is a procedure of determining a one-to-one transformation between 2 image spaces which maps each pixel/voxel in one image onto the corresponding pixel/voxel in another image. The transformation may be classified into 2 categories: rigid and non-rigid transformation. Rigid transformation can deal with translation and rotation, which describes the global deformation of the image. Non-rigid, or elastic transformation, on the other hand, deals with the local deformation. There are two major physical models upon which the elastic transformation is based: elastic model and fluid model.' In the elastic model, force balance equations are used to determine the deformation; and in the fluid model, principles of fluid dynamics are used.
The algorithm we proposed here falls in the elastic category which is based on the strain energy minimization of an elastic volume. It only focuses on the strain energy of the elastic volume while ignoring the complex internal forces. 2 The algorithm simplifies the registration problem dramatically.
This novel registration algorithm was tested on numerical simulation first, then on prostate phantom, and finally was applied to real prostate images. The results are depicted below.
Numerical simulation
In the numerical simulation, a sphere (radius, 10) is elastically deformed to an ellipsoid (the three semiaxes: a=9, b=12, c=10). Both the sphere and the ellipsoid are located at the center of a 30X30X30 cubic pixels volume. Fig. I displays the geometric shapes of the sphere and the ellipsoid. A portion of the MR prostate volume is synthesized in the sphere and the ellipsoid, respectively. The 3D geometric shape of (a) the source sphere, (b) the target ellipsoid, and (c) the registered result from source to target.
As shown in Fig. 1 , the surfaces of the source and the target serve as the constraints of the elastic deformation. Taking the correspondent surfaces as the input of our registration algorithm, the result is shown as Fig. I c. 
2.
Prostate phantom In this section, the registration results on the prostate phantom are displayed. Fig. 4 shows the image registration in the axial image plane. Figure 4a shows the source image, i.e., the image obtained with the use of the endorectal coil at full inflation. Figure 4b is the target image that was obtained with the endorectal coil deflated and figure 4c shows the correction made to the source image. The sesame seeds within the prostate phantom serve as landmarks and are an indication of the quality of the elastic registration.
(a) (b) (c) 
In Vivo Prostate Data
The results on the real prostate data are displayed in this section. Figure 6a shows an image of the prostate obtained using the endorectal coil at full inflation. Figure 6b is the image of the same prostate obtained without any inflation of the balloon. Figure 6c is the result of our deformation correction and registration of the image shown in Fig. 6b to the target image shown in Fig 6a. Note the similarities between the images shown in Figures 6a and 6c . Please note the deformation correction and registration can be applied for cases where the deformed object needs to be corrected or vice-versa. 
Conclusions
Our initial results indicate that the strain energy minimization technique for elastic registration works well for deformable objects such as the prostate. Further studies need to be performed to quantify the accuracies achievable with this technique using the prostate phantom.
